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ACI STRUCTURAL JOURNAL TECHNICAL PAPER
Title No. 116-S53 A State-of-the-Art Review of Bending and
Shear Behaviors of Corrosion-Damaged Reinforced
Concrete Beams
by Mahmoodreza Soltani, Amir Safiey, and Almarie Brennan
Steel corrosion is mainly at fault for the trend of deterioration among U.S. infrastructure—namely, bridges, pipelines, and
wharves. Reinforced concrete (RC) is used as the primary construc- tion material worldwide. Reinforcement corrosion can
significantly impair mechanical properties of RC members, including shear and bending capacities. In the past decades, several
attempts have been made to investigate the impacts of corrosion on the mechanical behavior of RC members. It can be observed
that the number of research programs conducted on this topic has rapidly increased in recent years. Therefore, there is a need in
the body of knowledge to encapsulate the relevant findings in the form of a state-of-the-art review. This paper presents a
chronological literature review of investigations on different components of mechanical behavior of RC beams (including shear
and flexural strengths) under corrosion. The most significant contributions of these studies are identified and presented. This
study presents simple relationships that rely on the current literature to be used by practitioners and designers for quick
evaluation of RC beams in corrosion distress.
Keywords: bond (concrete-to-reinforcement); deterioration; flexural capacity; residual strength; shear capacity.

INTRODUCTION The American Society of Civil Engineers (ASCE) recently published its 2017 Report Card
(ASCE’s 2017 Infrastructure Report Card); the national grade for U.S. infrastructure is reported as a “D+” overall
and as a “C+” for the “Bridges” category. Structural deficiency of these infrastructures is one of the main
contributors to such a low rating. Almost 40% of the 614,387 bridges in the United States are 50 or more years old.
In 2016, 9% (56,007) of the bridges were reported “structurally deficient” (Fig. 1). Many bridges are reaching the
end of their design service life, and their average age continues to increase. It was recently estimated that $123
billion is needed to rehabilitate the country’s bridge backlog. Furthermore, in a similar study, the Federal Highway
Administration (FHWA) estimates that more than 30% of existing bridges have already exceeded their service life
(50 years mostly) and will require more maintenance and reha- bilitation in the near future (FHWA 2011).
Reinforced concrete (RC) stands out as the main construc- tion material in use worldwide and nationwide (Aïtcin
2000). Steel reinforcement corrosion can be blamed largely for the trend of deterioration of the U.S. infrastructure
(for example, bridges) that also can significantly impair
al. 2007; Wood 2008). There is a lack of a codified approach to predict the remaining capacity of corroded RC
members. A gap of knowledge in this field is recognized due to the dire need of engineers to evaluate mechanical
behavior of RC members deteriorating by corrosion. The first step toward this goal is to gather a state-of-the-art
review on the topic of shear and flexural behaviors of corrosion-damaged RC members.
In the 1950s, the deterioration of RC members was initially investigated for structures exposed to coastal conditions and marine environments full of chloride contents
mechanical properties of RC structures (Schmitt 2009). For instance, although many factors contributed to the
complex
ACI Structural Journal, V. 116, No. 3, May 2019. MS No. S-2017-453.R4, doi: 10.14359/51714481, received June 20, 2018, and case of the 2006 “de la
Concorde” Overpass failure in Laval, QC, Canada, it was detected that excessive corrosion of rein- forcement was
one of the main causes of failure (Johnson et
reviewed under Institute publication policies. Copyright © 2019, American Concrete Institute. All rights reserved, including the making of copies unless permission is
obtained from the copyright proprietors. Pertinent discussion including author’s closure, if any, will be published ten months from this journal’s date if the discussion
is received within four months of the paper’s print publication.
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Fig. 1—Corrosion-damaged RC members (photo courtesy of H. Layssi, used with permission).

estigated. Corrosion of reinforcement in RC structures has the
ain role in the structural deficiency of North America’s crumng infrastructure. This study seeks to elucidate a method- ical
iew of the current state of knowledge discussing the shear and
flexural behaviors of corrosion-damaged RC
eams. The results of this study are useful for researchers,
esigners, and practitioners active in this field. This collec- tion of
he body of knowledge into one study can pave the way for further
evelopments in codification and modeling.
LITERATURE REVIEW
tructural impacts from corrosion in concrete
members
(Halstead 1955; Lewis and Copenhagen 1959; Stratfull 1957;
Reinforcement is used in concrete members to
Wakeman et al. 1958; Gewertz 1958; Tremper et al. 1958). The ompensate for the fact that concrete is relatively weak under
destructive effects of these severe environmental conditions onension. Because the tensile strength of concrete is negligible, all
steel reinforcement result in the decommis- sioning of RChe applied longitudinal stresses at cracks pass through the steel
infrastructures—for example, Dickson Bridge in Montreal, QC,einforcement. Bond stresses between steel reinforcing bar and
Canada (Palsson and Mirza 2002). In almost all RC structures urrounding concrete gradually transfer longitudinal forces from
located in this type of environment, significant deteriorations caneinforcement to the concrete material. Mean- while, the ‘tension
be observed before reaching the end of their expected life cycle iffening’ mechanism (‘tension stiffening’ is defined as the effect
(Palsson and Mirza 2002; Shayanfar et al. 2007).
f concrete acting in tension between cracks on the reinforcement
While in the past 60 years there have been many ress) is developed as the two materials slide on top of each other
research programs focused on the evaluation, repair, and rehabili-Shayanfar et al. 2007).
tation of corrosion-damaged RC members, there has been an
Figure 2 shows a four-point bending test configuration,
increase in investigations on the mechanical behavior of thesehe most common testing method in this current literature study,
members within the last decade. Due to the national importance of pplied on a simply supported RC beam. This procedure
this critical safety issue, this study seeks to elucidate shear and emonstrates the importance of the concrete-to-reinforce- ment
flexural behavior reviews of the current state of knowledge ond and the influence of corrosion on the mechan- ical behavior
discussing RC beams in the presence of corrosion. The results of f a RC beam. The mechanical behavior of RC members is
this study are relevant for researchers, designers, and practitioners ndermined in the presence of reinforcement corrosion. Two types
active in the field of concrete structural engineering.
f corrosion can affect reinforcement, including pitting (a
The objective of this study is to present aocalized form of corrosion by which cavities are produced in the
comprehensive historical literature review on the influences ofmaterial) and uniform (the corrosion that proceeds at the same rate
corrosion on the mechanical behavior of reinforced concrete ver the exposed material surface). Corrosion in RC members
beams,
comprised
of
proposals
from
1955
toeads to a reduction in the cross-sectional area of longitudinal and
2017—approximately 60 years of research. This state-of-the-art ansversal reinforcement. This mechanism not only causes a
review seeks to provide a cate- gorized list of investigations ecrease in cross-sectional area of reinforcements but also
conducted on components of mechanical behavior of RC beams iminishes the bond stiffening action between reinforcement and
(flexure and shear) and show how these studies have changed over oncrete. Therefore, the flexural and shear capacities of RC beams
time.
re negatively influenced (Fig. 2) (Rodriguez et al. 1997; Castel et
l. 2000).
RESEARCH SIGNIFICANCE In the absence of provisions to
The loss of cross-sectional area and reduction of the
evaluate the structural performance of RC members in the major ltimate strength also lead to the loss of ductility in RC beams.
concrete design codes, such as ACI 318, the objective of this he maximum displacement of RC beams under the applied load
study is to facil- itate the creation of such a provision. This study
aimed to gather references on which this topic has been
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Fig. 2—Mechanism of corrosion-damaged RC beam.
The research programs reviewed in this current study have
been conducted from 1955 to 2017. The number of research
programs conducted at different time intervals is shown in Fig. 4.
The figure shows that more attention has been recently paid to this
subject, as most research programs were conducted from 2011 to
2017 (70%). It is also observed that there is more research
conducted to investigate the effects of corrosion on flexural
behavior of RC beams compared to those on shear behavior.
reduced compared to a similar intact RC member (McLeish
987). The bond and anchorage failures at the end regions of RC
members are other deficiencies resulting from corroded
inforcement in concrete members (Rodriguez et al. 1994). The
ffects of corrosion on the load-carrying capacity of RC members
action of longitudinal reinforcement is of the resisting mech- re summarized in Fig. 3. Hence, the state-of-the-art of the
anisms of RC beams against shear forces).
ollowing components in the mechanical behavior of concrete
This study is focused only on conventional RC beams.eams
The are discussed in this study:
investigations of the mechanical behavior of precast concrete
Flexural behavior (experimental and analytical studies); and
members, concrete columns, and concrete shear walls are not • Shear behavior (experimental and analytical studies).
included in this study due to the shortage of adequate number
of 3 summarizes the mechanisms of degradation in the
igure
conducted research programs in the liter- ature. There is a needexural
for and shear strengths as results of corrosion in RC beams.
conducting more experimental and analytical research programs
C members undergo two main diminishments when corrosion
on these mentioned structures.
ccurs on the reinforcement: 1) the cross-sectional area of
inforcement reduces; and 2) the corrosion product occupies
Previous literature review studies of corrosion in RC
more room compared to the intact steel, which leads to a radial
members
ressure on the surrounding concrete. These two mechanisms
There are two main reasons of corrosion in concrete members:
cally influence the behavior of reinforced concrete in three
carbonation corrosion and chloride corrosion. Zhou et al. (2015)
ays: 1) mechanical properties of concrete and steel
reviewed research programs investigating the mechanical
inforcement can be impaired (for example, Palsson and Mirza
properties of concrete members, including cracking and spalling
2002] reported how mechanical behavior of corroded
of concrete, reduction in reinforcing bar cross-sectional area, loss
inforcement differs from the intact reinforcement); 2) the
in interfacial bond strength, prediction of concrete carbonation
xcessive radial pressure applied by corrosion products at a
depth, and chloride pene- tration into concrete. However,ertain
this level leads to the concrete cover spalling that causes the
study did not evaluate the shear and flexural capacities
of
evelopment
and propagation of longitudinal cracks in RC
corroded concrete beams. Mancini and Tondolo (2014) conducted
members; and 3) the interfa- cial property of concrete and steel
a literature review study on the bond degradation due to corrosion
duces as discussed by Shayanfar et al. (2007).
in reinforced concrete members. The effects on long and short Deterioration of the bond between concrete and
embedment length specimens along with different methodsinforceof
ment can result in a change of failure mode in RC
bond evaluation were reviewed in the study. Since the literature
members (for example, from the flexural to the bond failure).
review of bond degradation effect was previously studied,lexthis ural and shear capacities of RC beams are assessed by a
current study is focused on the other mechanical behavior
of bond assumption, which would not be an acceptable
erfect
corroded concrete members, including flexural and shear
ssumption for corroded steel bars. These local impair- ments lead
behaviors.
global deteriorations, mainly in flexural and shear capacities. It
Statistical information of this literature study

hould be mentioned that the corrosion of longitudinal

reinforcement could impair shear capacity of the concrete mainly
ig. 3—Effects of corrosion on load-carrying capacity and
by influencing dowel action (dowel
iffness of concrete beams (after Tahershamsi [2016]).
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Fig. 4—History of research programs conducted on mechan- ical
behavior of corroded members.
toire Matériaux et Durabilité des Constructions (L.M.D.C.) in Toulouse, France (Vidal et al. 2007). The test setup is
geared to simulate wet-dry cycles of corrosion by subjecting the specimen to cycles of exposure and non-exposure
(Chen et al. 2017). Seven percent of tests gathered in this current study were corroded using this method. Finally, in
the natu- rally induced corrosion method, corroded specimens from a real project (usually retired structures) are used
to test for residual mechanical capacities (Tanaka et al. 2001).
In most of the experimental research programs from the literature, the specimens were corroded first (using the

mentioned methods above) and then tested. However, in some cases, to simulate the natural corroding situation, the
specimens were simultaneously loaded and corroded (Khan et al. 2014; Tanaka et al. 2001). Upon completion of the
test, the degree of corrosion is simply measured by weighting the mass loss of reinforcements due to corrosion
compared to the measured weight of intact reinforcement. In addition, some other research programs employed
X-ray scanning tech- niques that enabled more precise capturing of mass loss in corroded reinforcement (Michel et
al. 2011). The reinforce- ment mass loss ratio is calculated by the following equation
WW
C

W w
Fig. 5—Distribution of conducted experimental works in the literature.
Additionally, the distribution of experimental programs conducted in the literature across the different countries
shows that only 5% of the research programs have been conducted in the United States (Fig. 5). Although no solid
conclusion can be derived based on the total number of research programs, this suggests the necessity of conducting
more experimental research programs to investigate the effect of corrosion in concrete members that are more
compatible with U.S. standards and practices.
Corroding methods for RC members
In the literature, there are three main methods to exper- imentally corrode RC members: 1) accelerated; 2) environmentally induced; and 3) natural. In the accelerated (galvanostatic) method, corrosion on the steel reinforcement
is induced by applying an electrical potential using a stain- less steel bar as the cathode and the steel bar in concrete
as the anode (Juarez et al. 2011; Lachemi et al. 2014). By changing the applied current density or time intervals, the
corrosion level can be controlled. The degree of corrosion has a direct relationship with time and electric current
inten- sity, which can be explained through Faraday’s law (Mangat and Elgarf 1999b; Mancini and Tondolo 2014).
A high level of corrosion within a short period of time can be achieved using this method (Yuan et al. 2007). Alonso
et al. (1998) reported the acceptable maximum nominal current intensity of 100 μA/cm2 to prevent quick and
undesirable corroding. This current also causes the induced corrosion to be in the upper boundary of the corrosion
value in nature (Alonso et al. 1998). This method is the most common approaches among the research programs in
the body of knowledge (90% of gathered tests in this current study from the litera- ture were corroded using this
method).
In the environmentally induced corrosion method, the specimens are placed inside a chamber with an artificial
corroding environment to simulate the natural corrosion situation. To achieve such an environment, salty air is
constantly sprayed into the chamber containing the speci- mens (for example, Vidal et al. [2007]). This method has
been adopted in a long-term program conducted at Labora=−
con 

cor

(1) con where Wcon
 is
corrosion; and Wcor
 is
 the weight of intact (control) reinforcement before
 the weight of the same

rein- forcement after corrosion occurrence.
Moreover, the degree of corrosion can be assessed based on the loss of reinforcement cross-sectional area (CA ).

Through an
 experimental study of 58 RC cylindrical members with different levels of corrosion, Shayanfar et al.
(2007) reported the following empirical relationship (presented as follows with some rearrangements)
C A
= A  − A 
s

s

0 . 2 0 . 08  0 . 039  d (2)
A s 0 = − + + w 
C c
d c 

0

where As and
intact (control) reinforcement, respectively; c is the

As 0 are the cross-sectional areas of corroded and


concrete cover; and d i s the reinforcement nominal diameter. Through this empirical equation, designers and
practitioners can find the loss of reinforcement cross-sectional area (CA) by
 having the mass loss ratio (Cw ) and some
of a RC member (c and d) .
geometrical properties

Experimental studies on flexural behavior
Flexural capacity can be estimated following different design codes, such as ACI 318-14, with a reasonable degree
of accuracy. There should be attention paid to the fact that throughout its service life a structural component is
exposed to deteriorative agents. This can impair the strength and serviceability of RC members. The degree of
impairment is directly related to the durability design of RC members exposed to a specific environment. This
section reviews the influence of corrosion over the longitudinal reinforcement on the overall flexural behavior of RC
beams.
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A comprehensive study of experimental efforts was conducted to understand the influence of longitudinal reinforcement corrosion on flexural behavior of RC beams. Table 1 summarizes the characteristics and key findings of
the experimental research programs conducted in the litera- ture to investigate the flexural behavior of RC beams
under corrosion. Including the results of 133 tests (133 tested specimens) from the literature, Fig. 6 presents the ratio
of the flexural capacity of a test with corrosion, Mcor
 , to that of
 the uncorroded test (control test), Mcon, with respect
reinforcement mass loss, Cw , developed in longitudinal reinforcement.
The average moment ratio Mcor/Mcon is

to the


moment capacity of a corroded member is not signifi- cantly reduced for the longitudinal mass losses of
0.87. The

less than 0.045. Table 2 shows the other statistical parameters for this moment ratio, including minimum, maximum,
and coeffi- cient of variation (COV) of moment ratios.
The following equation was detected to determine the trend of the experimental data
Mcor/Mcon =
 –0.17ln(Cw) + 0.4 (3)

A statistical procedure is needed to determine the best fitting curve to the data, which is beyond the scope of this
study. According to the data distribution, the following model is proposed as a lower-bound to safely predict the
flexural strength of a corroded test specimen based on the control flexural strength and the mass loss ratio
Mcor/Mcon =
 –0.17ln(Cw) + 0.15 (4)

Equation (3) represents the average trend of corrosion influence on the flexural capacity of beams, while Eq. (4) is a
more conservative representation of the trend. Ali et al. (2015) proposed a practice-oriented framework to predict the
remaining flexural and shear behavior of beams with corroded reinforcements. Flexural capacity of the illustrative
example worked out by these researchers with 15% longitu- dinal reinforcement mass loss is around 72.2% and
47.2% using Eq. (3) and (4), respectively. The framework proposed by Ali et al. suggests a flexural capacity
reduction of 82.0%. The estimated values of flexural strength calculated by Eq. (3) and Ali et al. (2015) are less than
10% different.
Analytical studies on flexural behavior
On the other hand, some analytical models have been proposed in the literature to explain the flexural capacity of
corroded RC beams. Mangat and Elgarf (1999b) proposed the following relationship through an extensive experimental program
= 1 −  2 
 2  312 T i  i 

B
sin 
 .
D  ln 
(5)
where B i s the percent of flexural strength; T is the time elapsed in years after the occurrence of corrosion; D i s the
reinforcing bar diameter (mm); and i i s the rate of corrosion (μA/cm2).
Azad et al. (2007) provided a two-step relationship to predict the flexural capacity of RC beams. First, the flexural
capacity with reduced reinforcement cross-section needs to be carried out. Then, another factor β is then as follows

to modify the obtained value to calculate the bond loss
Mres =
 β · Mth,c (6)
where Mres
 is the moment capacity with a reduced cross section,
and Mth,c is
 the flexural capacity of the corroded

beam considering the loss of the bond as well as the cross-sectional area. The model was modified using a set of
new test results (Azad et al. 2010).
Oyado et al. (2011) provided a relationship between the ratio of maximum load bearing in corroded and uncorroded
states and the degree of corrosion using regression analysis as follows
Puc
 /Pu n =
 1 – kC ( 7)
where Puc is
 the ultimate bearing load of the corroded specimen; P
 un is the ultimate bearing load of the uncorroded
specimen; k is a factor estimated as 1.35; and C is the corrosion rate. Xia et al. (2012) proposed the following model
Muc = Mu0(1 – 1.2902ηaverage) (8)
where Muc
 is the flexural capacity of the corroded beam; η
 the average corrosion rate; and Mu 0 is the flex- ural
 average is


capacity of the uncorroded beam. Wang et al. (2015b) provided a relationship between the cross-sectional area loss
and the reduced flexural capacity based on regression analysis (separately for plain and deformed reinforcement).
Dong et al. (2016) proposed the following relationship
Pcor
 = Parch(0.343ln(Tc or/Ta rch) + 0.052a/d + 0.875) (9)
where Pcor
 is
capacity of the unbonded beam; Tcor is
 the capacity of the corroded beam; Pa rch is
 the load
 the maximum

bond force in the anchorage region of the corroded beam; Tarch is
 the maximum bond force in the anchorage region
of the unbonded beam; and a/d is shear span-to-effective depth ratio.
Ting and Nowak (1991) proposed an approach, which includes the loss of cross-sectional area, to predict moment
curvature of a RC section. Capozucca and Cerri (2003) proposed an analytical approach, which accounts for corrosion of reinforcing bar in the compressive zone. A critical review was conducted through three analytical methods
for predicting the moment capacity of RC beams (Cairns and Zhao 1993; Eyre and Nokhasteh 1992; Rodriguez et al.
1997). Thereafter, they proposed an analytical algorithmic proce- dure to estimate the behavior of corroded beams.
Wang et al. (2015b) proposed a model which takes into account compat- ibility conditions with the partial length of
corrosion and the bond loss. Han et al. (2014) proposed the following relation- ship to obtain moment capacity of the
corroded beam (Mn)
=
M n  C c 

−
 h  c 
− ε
1  rε t



−β
c 
2 1 c 

 +
− ′ +
 C s ( c  d  )  0 . 5 T c

Td

 

+

 

(−c) (10)

s
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Table 1—Summary of experimental programs to evaluate flexural capacity of corroded RC beams
fc ′, MPa ρsf y, MPa

No. of corroded test, No. of control test
2 Loading

Corroding method, μA/cm

steps
Test type Significant findings Reference

Low range of reinforcement mass loss (0 to 0.045) does not

40.0 2.9 21, 3 Acc* (200) FC† FP‡ 

have significant influence on flexural capacity of beam.
§ Load-carrying

30.0 0.7 7, 1 Acc FC Un

Al-Sulaimani et al. (1990)
capacity and ductility of slabs significantly

decrease through increase in corrosion level.
Almusallam et al. (1996)
Corrosion influence on structural behavior of beams may differ

40.4 8.2 21, 10 Acc (100) FC FP 
according to beam detailing.

Rodriguez et al. (1997)
6.3 103, 8

40 .0 (cube) 

Acc (1000, 2000, 3000 and 4000)
Breakdown of bond between steel reinforcement and concrete 
FC FP 
due to corrosion is main source of flexural capacity reduction.
Mangat and Elgarf (1999a)

Sus# 

45.0 2.9 2, 2 Env|| 
** Corrosion

TP

+ Wet & dry

in longitudinal zone influences beam capacity. It
Castel et al. (2000)

more critically diminishes ductility of beam. 

Torres-Acosta et

27.0 2.5 10, 2 Acc (80) FC TP Corrosion reduces beam flexural stiffness. 
al. (2004)

Corrosion impairment and external structural loading

40.5 5.2 8, 1 Acc (215) FC & Sus FP 
simultaneously interacts.

El Maaddawy et al. (2005)
Predictive relationship based on relatively comprehensive 

40.7 6.1 52, 4 Acc (250) FC FP 
Azad et al. (2007)

Pitting was found to be main reason for moment

27.0 2.4 11, 1 Acc (80) FC TP 
capacity reduction.

Torres-Acosta et al. (2007)
4.0 10, 4 Acc (60) FC TP It was observed that corrosion increased capacity. Some

38.8 (cube) 

Cairns et al. (2008)

specimens are continuous spans. 

28.0 6.4 42, 6 Acc (1780) FC TP Previous predictive model is updated. Azad et al. (2010)
27.9 5.6 11, 2
Env & Acc (350 to 1330)
Local loss plays important role on influence of corrosion on
FC FP 
Oyado et al. (2011)

flexural moment capacity. 

6.0 18, 2 Acc + Wet

30.7 (cube) 

FC FP Relationship is proposed to estimate remaining capacity of

& Dry 

Xia et al. (2012)

corroded beams. 

Env + Wet

45.0 2.9 2, 2 

Sus TP Corrosion changed failure mode from shear to flexure. Zhu et al. (2013)

& Dry 

test

program was proposed using test results. 

Discrepancies observed between naturally and accelerated

46.5 11.2 11, 2 Nat†† Sus FP 

corroded tests on their structural behavior.
Tahershamsi et al. (2014)

Env + Wet

45.0 6.0 2, 1 

Sus TP Bending stiffness has no meaningful relationship with degree

& Dry 

Vu et al. (2014)

of corrosion. 

Env + Wet

45.0 2.9 1, 1 

Sus TP Ductile failure changed to brittle failure due to corrosion. Zhu and François

& Dry 
(2014)

2.5 11, 1 Acc (1087) FC FPB Corrosion does not change failure mechanism of slabs. Kearsley and 

28.0 (cube) 

Joyce (2014)

Env + Wet

45.0 2.9 2, 1 

Sus TP Corrosion can change failure mode from compression crushing

& Dry 

Yu et al. (2015)

to longitudinal flexural failure. 
Env + Wet

45.0 2.9 2, 2 

Sus TP Corrosion in deep beams can change failure mode from

& Dry 

Zhu et al. (2015)

compression crushing to longitudinal flexural failure. 

37.2 4.7 14, 8 Acc (1800) FC FP
Corrosion has more influence on flexural behavior of beams reinforced with plain bars compared with those reinforced with deformed bars.
Wang et al. (2015a)
Env + Wet
45.0 2.9 1, 1 
Sus TP Corrosion is more influential on ductility compared to flexural

& Dry 

Zhu et al. (2016)

strength of beam. 

Corroded beams undergoing bond failure capacity can be

27.9 13.8 15, 6 Acc FC FP 

Dong et al. (2016)

predicted using arch action. 
*

Acc is accelerated corrosion applied. † FC is first corrosion induced and then tested. ‡ FP is four-point bending test. § Un is uniform loading configuration. || Env is

corrosion. # Sus is sustained loading while corrosion is induced. **
 TP is three-point bending test. ††
 Nat is naturally induced corrosion.
environmentally induced
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value of concrete compressive strength and reduced concrete compressive strength. Feng et al. (2018) proposed a
method to include corrosion effects in sectional analysis method.
In addition, nonlinear finite element analysis (NFEA) was employed to analyze corroded members with different
material models (Dekoster et al. 2003; Shayanfar and Safiey 2008). Finite element analysis (FEA) was also used to
study the flexural behavior of different RC beams with corroded reinforcement (Coronelli and Gambarova 2004;
Kallias and Rafiq 2010; Vu et al. 2014; Jnaid and Aboutaha 2016). The corrosion-damaged RC beams were modeled
to evaluate the residual flexural behavior (Jnaid and Aboutaha 2014; Potisuk et al. 2011).
Overall, the following noteworthy terms were repeatedly used in the literature to estimate the reduced flexural
capacity of corrosion-damaged RC beams: reduced cross-sectional area of longitudinal reinforcement (As), yield
reinforcement (fy), corrosion rate (μA/cm2), corrosion degree
(%), effective depth of beam
strength of longitu- dinal


(d) , shear span-to-effec- tive depth ratio (a/ d ) , and bond and anchorage capacities.
Experimental studies on shear behavior
Similar to longitudinal reinforcement, transversal rein- forcement can be damaged in the presence of corrosion,
which consequently debilitates the shear strength of RC beams. This section reviews the influence of transversal
reinforcement corrosion on the overall shear behavior of RC beams. It should be mentioned that the longitudinal
steel corrosion can also weaken the shear capacity (through reducing of the dowel-action-resisting mechanism).

The key findings from the experimental programs along with the characteristics of 112 tests (112 number of
specimens) investigating the shear capacity of RC members with corroded reinforcement are summarized in Table 3.
Figure 7 presents the ratios of the shear capacity of the test with corroded shear reinforcement, Vcor
 , to the shear
test), Vcon, with respect to the mass loss, Cw, devel- oped
in shear (transversal)
capacity of the intact test (control


reinforcement. The average shear ratio Vcor/ Vc on is 0.80. Table 2 shows the statistical infor- mation
of shear ratios;

the minimum and maximum shear strengths of corroded beam are 0.42 and 1.21 times of their relevant control shear
strengths. The following equation is proposed to determine the trend of the shear ratio
Vcor
 /Vc on =
 –0.15ln(Cw) + 0.6 (14)
Fig. 6—Ratios of corroded moment (M
 cor) over control moment
(Mcon) capacities with respect to mass loss ratio

(C
 w).
where Cc is the compressive force in concrete; c is neural axis
depth; β1 is the stress block factor; Cs is the compres
sive force in steel; d′ is the depth to compressive bar; d is the depth to longitudinal reinforcement; c is the neural axis
depth; Tc is the longitudinal force in concrete; h i s the section height;
εr is
 the flexural cracking strain corresponding

of rupture; εt is
and Ts is


to the modulus

the longitudinal strain in reinforcing bar;

the longitudinal force in
reinforcement.
Imam et al. (2015) applied the Artificial Neural Network (ANN) theory to predict the residual flexural capacity of
RC beams. A method was proposed to predict moment capacity of beams using the compatibility concept as follows
(Zhang et al. 2016)
M u =
 F c (
 h 0 −
 y () + F s ′ h 0 −
 a s ′ ) (11)
where Mu is
force; h0 is the distance from top to steel
 the flexural moment strength; Fc is
 the concrete compressive

centroid; Fs′ is the force of hanger bar; and as′ is the distance from
the top to the centroid of hanger bar.


The moment-curvature and moment axial diagram of the section under corrosion was reported by Imperatore et al.
(2016). Campione et al. (2017) explained that the moment capacity of a corroded member is the lower of the
following statements
αγω 
m u y = 
s
δ
 1 −  − 2
d
Dd
− 0 4. d xc u 
m d d

= ψ 0  125 
.

Dd 2 
(13)
uc 



(12)


−δ−

1 

2

where α is the stress block coefficient; γ is the dimension- less post-peak bond strength; ωs is the mechanical ratio of
steel bars; δ is the concrete cover thickness; d is the distance from the extreme compressive fiber to the centroid of

the tension reinforcement; D i s the bar diameter; xcu is the posi- tion
of neutral axis; and ψ is the ratio between the

mean
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Table 2—Statistical parameters of corroded-to- control ratios for moment and shear capacities
Statistical parameters Moment ratio (Mcor
 / Mc on) Shear ratio (Vc or/Vcon)
No. of tests 133 112
Average 0.87 0.80
Minimum 0.20 0.42
Maximum 1.39 1.21
Standard deviation 0.19 0.18
CoV 0.22 0.23

Table 3—Summary of experimental programs to evaluate shear capacity of corroded RC beams
fc ′, MPa
No. of corroded test, No. of control test
Corroding ρvfy,
method,
Loading 
MPa
μA/cm2 steps
Test type Significant findings Reference
Acc*
40.7 1.2 20,10 
FC† 

Corresponding nominal shear force values may be determined using:

FPB‡ 

(100) 

Reduced effective depth (d) and reduced reinforcement cross- sectional area (Avf) .

Rodriguez et al. (1997)
Reduced areas on stirrups (pitting) lead to localized yielding and

32.4 1.0 9,5 Acc (600) FC FPB 
reduced ductility.

Higgins and Farrow (2006)
Shear failure mode may change due to corrosion compared to

26.2 0.8 8,2 Acc FC FPB 

Wang et al. (2011)

intact members. 

21.0 0.5 8,8 Acc (100) FC FPB
Beam ductility was affected by corrosion. Reduced cross-sectional area of stirrups is reliable predictor of shear strength.
Juarez et al. (2011)
Proposed strut-and-tie model was in close agreement with
44.8 1.2 2,1 Env§ Sus|| TBP# 
Khan et al. (2014)

experimental results of corroded beams. 

44.1 1.2 12,4 Acc (200) FC FPB
In low stage of corrosion (5%), shear capacity was dropped approx- imately 5 to 25%. In high stage of corrosion (20%), shear capacity was
dropped approximately 50 to 75%. In self-consolidating concrete (SCC) members, shear cracks observed in beams occurred in near-shear-span
regions.
Lachemi et al. (2014)
Acc
34.5 0.5 8,2 
FC TPB

(1000) 

Using minimum residual cross-sectional of most severely corroded section, shear strength could be evaluated accurately in accordance with
“modified truss analogy” theory.
Xue et al. (2014)
45.9 1.2 8,2 Acc (200) FC FPB
Corrosion was less influential on load-carrying capacity of engineered cementitious composite (ECC) beams compared to normal concrete beams.
Sahmaran et al. (2015)
37.7 0.7 6,3 Acc (400) FC FPB

Stirrup with mass loss of 9% did not cause shear strength reduction. Measured crack width of concrete cover can be used as indicator of corrosion
damage of stirrups.
El-Sayed et al. (2016)
33.1 1.6 13,2 Acc (400) FC FPB
Key parameters for corrosion damage include corrosion activity index, area of shear reinforcement, spacing of stirrups, cross-sectional details,
and material strengths.
Imam and Azad (2016)
32.4 1.0 18,3 Acc (800) FC FPB
The corrosion and strength of concrete only affect shear strength, nor the failure mode. Ductility was reduced as a result of corrosion.
Xu et al. (2017)
*

Acc is accelerated corrosion applied. † FC is first corrosion induced and then tested. ‡ FP is four-point bending test. § Env is environmentally induced corrosion. || Sus is

while corrosion is induced. # TB is three-point bending test.
sustained loading


According to the data distribution, this study proposes a lower-bound equation to safely predict the shear strength of
a corroded test based on the control shear strength and the ratio of mass loss Vc or/Vcon = –0.15ln(Cw ) + 0.35 (15)

Equation (14) represents the average trend of corrosion affecting the shear capacity of RC beams, while Eq. (15) is a
more conservative representation of the trend (to conser- vatively estimate the corroded shear strength with respect
to the control shear strength).
Analytical studies on shear behavior
On the other hand, there have been research programs in the literature focused on numerical analyses to estimate the
shear behavior of RC beams exposed to corrosion. Using a multi-mechanical approach with multi-directional fixed
crack modeling, two-dimensional (2-D) post-cracking states of stresses and strains and shear cracks of concrete were
simulated (Toongoenthong and Maekawa 2005). Xue et al.
Fig. 7—Ratios of corroded shear (Vcor) over control shear (V
 con) capacities with respect to mass loss ratio (C
 w ).

(2014) conducted a 2-D nonlinear analysis to investigate the shear behavior of RC members in the presence of
corrosion. The results showed that due to poor anchorage, the stirrups
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slipped out of the concrete before their yield strength was fully attained. Thus, the truss mechanism was not formed,
resulting in a significant decrease in shear strength.
The modified axial-shear-flexure interaction (MASFI) approach and its extension for corrosion (MASFI-C) were
proposed by Ou and Nguyen (2016) to predict the behavior of corroded RC beams. Using the averages of residual
cross-sectional area and strength properties of corroded reinforcement, the proposed MASFI-C was able to show the
initial stiffness and strength behavior of RC beams before fracture of corroded reinforcement.
To acquire a shear model in the presence of corrosion in RC members, Higgins et al. (2012) modified shear models
provided in the ACI approach (ACI 318-02; AASHTO 1996), Strut-and-Tie Method (STM) (ACI 318-02), Modified Compression Field Theory (MCFT) (AASHTO 2002), and Response-2000TM (Bentz 2000). Two types of
corrosion effects were considered, including average mass loss and minimum cross-sectional area of stirrups left
after corro- sion. The proposed model, modifying the ACI approach, is as follows V V V f b d A
 fd
s n cor c cor s cor c weff

0 0575  

1 1 0 001  




v eff 


= s −
− s − 

−
α
7 . 53 + d 

9 .  32 
d c
2



(20)





s
b eff
 =
 5 . 5 c (21)
 b − 2 ( c + d b )
 +  5 . 5 if
 s ≤
s (
) 2
b eff
 =
 b − 5  . 5  c + d b 
if 
.  (22)
s > 5  5 c 
where As is the sound steel cross section (mm2); w is the corrosion
crack width (mm); α is the factor accounts for pit

concertation (2 for homogenous corrosion; and between 4 and 8 for localized corrosion); db is the corroding bar
diam- eter (mm); c is the concrete cover (mm); b i s the original undamaged beam width; s i s the stirrup spacing; and
d i s the depth of the tension steel. The mean of strength ratio using this model and six experimental specimens was
1.17.
Moreover, a simple sectional model for flexure and moment-to-shear interaction was proposed to predict shear
capacity of corroded RC beams (Campione et al. 2017). El-Sayed (2017) proposed a strut-and-tie model for estimating the shear capacity of corroded RC deep beams, a/d > 2.5. Based on the MCFT, Zhang et al. (2017) also
proposed a model to determine the shear behavior of RC beams with corroded stirrups.
In addition, an FEA was developed to predict the nonlinear behavior of RC members in shear through selecting
adequate plane-stress finite elements for concrete and contact elements for bond-slip of the reinforcement (Coronelli
and Mulas 2006; Kim 2008; Potisuk et al. 2011). Another FEA model, called ‘EF2002’, was a development of a
previously created FEA model (Coronelli and Mulas 2001; Coronelli and Gambarova 2004). The mean value of
nominal shear strength, using EF2002, was 1.01 times the experimental shear strength. The study showed that the
uniform section loss up to 50% of the original area had a relatively small impact on strength.
The most common terms used in the literature to predict the reduced shear strength of RC beams in the presence of
corrosion are as follows: reduced cross-sectional area of transversal reinforcement (Av),
 yield strength of transversal
reinforcement (fy), corrosion rate (μA/cm2), corrosion crack width
(v), concrete cover (c) , corrosion degree (%),

effective depth of beam (d), shear span-to-effective depth ratio (a/d) , and bond and anchorage capacities.
SUMMARY AND CONCLUSIONS The 2017 ASCE report card reported that the grade for the U.S. infrastructure
overall at a “D+” and at a “C+” for the “Bridges” category (40% of U.S. bridges are more than 50 years old). Steel
reinforcement corrosion in reinforced concrete (RC) members is mostly blamed for this deteri- orating trend of
bridges. Many of these bridges cannot be rehabilitated and are still in use. Thus, there is an immediate  A , A .


b
b

w
 A .

=  +  = 2 ′ + 

v_
 

_ 

_ 

yt

(16)
where Vn_cor is the nominal shear resistance after corrosion (lb);
Vc_cor is the shear resistance of concrete after

corrosion (lb); Vs_cor is the shear resistance of transversal reinforcement after corrosion (lb); fc ′ is the compressive
d is the effective depth (in.); fyt is the yield strength of the transverse
reinforcement (in.2); s
strength of concrete (psi);


is the spacing of the trans- verse after corrosion, reinforcement and b(in.); weff is the A
the average area of stirrups

 v is
to resist shear that is determined from the following
effective concrete beam width available


s
b weff
 = b w − 2 ( c v +∅
v ) + 5  . 5 if
 5 . 5 ( c v +∅
v ) (17)


 s ≤
5 .5
b weff
 = b w -  s  ( c v +0
v ) 2 if s >
 5 . 5 ( c v +0 v ) (18)

where bw is the original undamaged beam width (in.); cv is
 the
 concrete cover (in.); and Øv is the stirrup diameter. In
the case of using minimum cross-sectional area left after corrosion, Av is replaced by a minimum measured
area of stirrups. The mean values of the strength ratio, the experimental to nominal shear strength,
cross-sec- tional

for the ACI approach, STM, MCFT, and Response 2000TM were 1.13, 1.09, 1.38, and 1.60, respectively.
Furthermore, El-Sayed et al. (2016) proposed a model to determine the shear capacity of RC beams as follows
 c cor  s cor 
V n cor V
 V  fb c eff
Afd
d
s _ = _ + _
= 0 . 17λ ′ + v , eff yv
(19)
The effective area of stirrups, Av,eff
 , and the effective concrete
beam width, beff
 , resisting shear are calculated through



the following equations
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need to determine the residual structural strength of these RC owing: reduced cross-sectional area of reinforcement, mass
members. This study presented a chronological litera- ture review ratio, corroding rate, yield strength of reinforce- ment, and
on investigations of the mechanical behavior of concretear span-to-effective depth ratio.
members, including shear and flexure, and high- lighted the
5. More attention should be paid to increasing the
significant findings of these research programs. The following keymber of research programs investigating the mechanical
conclusions are drawn from this literature review:
avior of corrosion-damaged RC columns (due to their critical
1. In the literature, three methods have been used to in structural systems to prevent global catastrophic collapses)
corrode RC members in the experimental research programs, to the corrosion influences in the mechanical behavior of
including accelerated, environmentally induced, and natural.cast members.
There have been also two different loading sequences in the
6. Most research programs conducted on mechanical
literature, including corroding the members before testing, and avior of RC beams, regardless of the quality of these studies,
simultaneous corrosion and testing.
e been conducted outside the United States. This could
2. The flexural strength of 133 tests was used toppropriately reflect the harsh environment specific to the
propose a model estimating the reduced flexural capacity of corro- ons in United States or the local construction prac- tices and
sion-damaged RC beams with respect to the mass loss ratio. Theailing.
average moment ratio Mcor/Mcon was 0.87 with the minimum
of

0.20 and maximum of 1.39 (Table 2).
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